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Abortion of oogonia of Phytophthora cactorum grown on media containing cholestanol occurs at or just before early meiotic prophase. Meiosis is possibly controlled by a steroid hormone, for which cholesterol is an effective precursor but cholestanol is not.
I N T R O D U C T I O N
Phytophthora cactorum grows vegetatively on a simple medium containing sucrose, asparagine, mineral salts and thiamin, but sterols need to be added to induce development of sexual stages, namely antheridia and oogonia, and of the oospores formed inside the oogonia. Cholesterol (5-cholesten-3P-01) and cholestanol (ga-cholestan-3/3-01) both promote vegetative growth and support the development of oogonia and antheridia equally well. However, while many oospores are produced in cultures containing cholesterol, very few of the oogonia produced in the presence of cholestanol develop oospores; most of them degenerate (Elliott, 1968, I 972) . Similar abortion of oogonia in cultures with cholestanol has been observed in Pythium perlTplocum and Pythium prolatum (Hendrix & Guttmann, 1972) and in Phytophthora drechsleri (G. A. Bean & C. G. Elliott, unpublished Mortimer & Shaw, 1975) indicate that meiosis occurs in the antheridia and oogonia of these fungi and this interpretation is supported by genetical data for P . cactorum (Elliott & MacIntyre, 1973) and P. drechsleri (Shaw & Khaki, 1971 ; Khaki & Shaw, 1974) .
It seemed important to determine whether the abortion of oogonia observed with cholestanol occurred before, during or after meiosis. Observations on this point in P. cactorum are the subject of this paper.
METHODS
Phytophthora cactorum was grown at 25 "C in IOO ml conical flasks containing 10 ml liquid basal medium (Elliott, Hendrie & Knights, 1966) plus CaCl, (0.1 g 1-l). Four days after inoculation of the sterol-free medium, IOO p g cholesterol or cholestanol, dissolved in I ml of I % (v/v) aqueous solution of Tween 80, was added to each flask. Mycelium was harvested on three successive days as oogonia appeared and matured. The mycelium was chilled at 4 "C for 2 h, fixed in acetic acid/ethanol (1 : 3, v/v), and then transferred to diethyl etherlethano1 (I : I , v/v) for 24 h before storage in 70 % (v/v) ethanol. Aceto-orcein and aceto-carmine squash preparations were made after the material had been washed in water and treated with I % (w/v) citric acid for 10 min. Using aceto-orcein, the material was left in varying concentrations of orcein in 60 % acetic acid for 4 h or longer in a covered dish. For aceto-carmine squashes, the material was placed in aceto-carmine to which a drop of ferric acetate in 45 % acetic acid was added, and samples were removed after 10 min. The illustrations are of aceto-carmine preparations, which were the clearest.
Supplementary observations were made on cultures in medium solidified with I % (wlv) agar. Cholesterol or cholestanol were dissolved in ether and added to the autoclaved basal medium before it was poured into Petri dishes (5 cm); the sterol concentration was 4 pg ml-l. Small blocks of agar were cut from near the edges of several Petri dishes and squashed under coverslips, without fixation or staining.
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Sterols and meiosis in Phytophthora
t It was not possible to distinguish early meiotic stages from stages prior to meiosis.
RESULTS
The development of oogonia and antheridia in cultures grown with cholesterol or cholestanol was indistinguishable in the early stages. In the material grown on cholesterolsupplemented medium, most of the gametangia developed in the way typical of Oomycetes; some of the nuclei aborted, the remainder enlarged and entered the first meiotic prophase, followed by metaphase I (Fig. I) , anaphase I and a rapid second division. This resulted in the production of smaller haploid nuclei (Fig. 2) .
Meiotic stages were only rarely observed in the material grown on cholestanol-supplemented medium. Most frequently, after the earliest stages, the antheridia and oogonia were observed to be in various stages of disintegration (Figs 4 and 5) . The cytoplasm became much less dense and possibly disappeared more rapidly than the nuclei. The sizes of the nuclei in aborting antheridia and oogonia were usually approximately the same as those in vegetative hyphae. Evidently, at about the stage at which the nuclei should enlarge and enter prophase, a process of disintegration begins and proceeds very rapidly.
In a few exceptional cases meiotic stages were observed in cholestanol-grown cultures. Metaphase I in a small oogonium is illustrated in Fig. 3 . In gametangia with nuclei undergoing meiosis, all the nuclei were at approximately the same stage, none were aborting. One case was observed (Fig. 6) in which meiosis had occurred as indicated by the size and number of nuclei, but oosphere formation had not taken place.
The frequency of aborted oogonia was estimated in 4-week-old agar cultures. In cholesterolgrown cultures, 161 oogonia with oospores and 248 aborted were counted (60.6 % abortion). There were significant differences between dishes, the counts ranging from 48 to 86 % aborted. This difference in abortion would be one factor contributing to the significant variation between dishes in the number of oospores observed (Elliott, 1968 (Elliott, , 1972 . For cholestanol, the counts were 3 oogonia with oospores and 374 aborted (99'2 % abortion).
Abortion was also estimated in stained preparations made from the liquid cultures. From the results (Table I) , sterility may be estimated in two ways. The intermediate stages may be ignored, and the proportions of empty oogonia to oogonia with oospores considered. These are 42:313 in the cholesterol series, representing 11.9 % abortion, and 119:6 or 95-2 % abortion in the cholestanol series. Alternatively, the intermediate stages can be taken into account so as to give upper and lower limits. Thus the numbers of aborting oogonia can be added to the empty oogonia, and the early and developing stages can be added either to the empty oogonia to give the upper limit of abortion, or to the oospores to give the lower limit. In the cholesterol series this would give a ratio of 460313 (59-5 %) as the upper limit of abortion and 114:659 (14.8 %) as the lower limit. In the cholestanol series the upper 
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limit would be 420: 6 (98-2 %) and the lower limit 343 : 83 (80.5 %). The values for the cholesterol series are much lower than those found in the agar cultures, but besides the solidfliquid difference, the sterol concentration was different and there was no Tween 80 in the agar cultures.
There are three main factors causing abortion : environment, segregation of lethals, and the difference between cholestanol and cholesterol. Variation between dishes in the incidence of abortion is an environmental effect. In occasional patches of mycelium all the oogonia were empty, and in the preparations made from the liquid cultures these were not recorded as it was thought such abortion could only be due to environmental causes. Abortion, possibly due to segregation of lethal combinations of genetic factors, is suggested in the case of the 19 out of 72 aborting oogonia scored in the cholesterol-grown material which had apparently haploid nuclei. The frequency of abortion due to genetic segregation (both gametic and zygotic) may be estimated from the proportions 1 9 3 1 3 (5.7 %) as a lower limit or 19 +(42 x 19/72): 313 (8.6 %) as an upper limit. No aborting oogonia with apparently haploid nuclei were observed in the recorded samples of the cholestanol cultures, but one was observed in a more extensive examination (Fig. 6) .
DISCUSSION
We have shown that in Phytuphthora cacturum grown with cholestanol, the majority of oogonia degenerate at or just before early meiotic prophase. Since very few meiotic stages were observed and since a few oospores were formed with cholestanol, it appears that there is a critical stage during which abortion occurs. If the gametangia survive this critical stage and enter meiosis, they are able to proceed to oospore formation. Since all the nuclei in a gametangium behave in the same way, the effect is a general one on the sex organ as a whole and not an effect on individual nuclei. One of the earliest effects is that the cytoplasm becomes less dense. This suggests that an electron microscope study of the cytoplasmic elements might be instructive.
The physiological activity of sterols may be a result of their function as constituents of membranes or as precursors of hormones (Heftmann, 197 I) . In their function as constituents of membranes there seems to be little difference between cholesterol and cholestanol. This is shown both by work with artificial membranes (e.g. Demel, Bruckdorfer & Van Deenen, 1g72a, b) and erythrocytes (Bruckdorfer et al., 1969) ~ and by their effect in promoting growth of mycoplasma (Smith & Lynn, 1958; Smith, 1964; Rottem, Pfendt & Hayflick, 1971) . There is no significant difference in the growth rate of P. cactorum grown with the two sterols, measured either as colony diameter or as weight of mycelium (Elliott et al., 1966; Elliott, 1968) . It is conceivable that the oosphere membrane might have special properties which are defective when it contains cholestanol rather than cholesterol, but in that case one would hardly expect degeneration to occur at the beginning of meiosis, before oosphere delimitation.
Reproduction in Achlya is controlled by steroid hormones. Antheridiol (McMorris & Barksdale, I 967 ; Arsenault et al., I 968), derived biosynthetically from fucosterol (Popplestone & Unrau, I 974, induces formation of antheridial branches and antheridia. Oogoniol (McMorris et al., 1975) induces formation of oogonia. In addition, Raper (1940) postulated a hormone D which was responsible for the delimitation of oospheres. Barksdale (1960) has described certain matings in Achlya which fail at the oosphere-delimitation stage and it is possible that these matings are defective in the functioning of the delimiting hormone.
We believe that the similarities in reproductive pattern observed throughout the Oomycetes
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and characteristic of this class of fungi indicate that all Oomycetes share a similar control mechanism. We suggest that in Phytophthorn there is a delimiting hormone, the function of which is to control meiosis, and that cholesterol is an effective precursor for this hormone, but cholestanol is not.
